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FOREWORD

This technical report is submitted by Ultrasystems, Inc.

in accordance with the provirsions of Air Force Contract F04611-73-C-0032

entitled "Non-Equilibrium Radiation Model for Exhaust Plumes " and has been

assigned Ultrasystems Report Number SN-8225/TR. The report was prepared

for the Air Force Rocket Propulsion Laboratory, Edwards Air Force Base, California.

The purpose of this report is to summarize all important V-V and

T-:V relaxation rate information that has been collected unacr Phase I of this con-

tract. This report can be considered as a part of the final report required :-or

the subject contract. A comprehensive literature survey of the subject matter

has been conducted, and, In addition, theoretical methods have been used to estimate

relaxation rates for those processes for which no experimental data could be

found. The results contained !n this report should prove vseful to those cur-

rently modeling the chemical kinetics of either exhaust plumes or lasers that

involve the molb*,ules studied.

Work presented in this report began in November 1972 and "

concluded in Mar, 1973. The program was conducted within the Engine,'

Sciences Departr :nt of Ultrasystems Inc. at their Irvine facility. This rr t

was co-authored 1- Dr. Jay A. Blauer and Mr. Gary R. Nickerson. The i.

Force Program Monitt was Lt. Peter C. Sukanek (AFRPL/DYSP).

This technical report has been reviewed and is approved.

Paul J. Daily

Colonel, USAF A

Chiof, Technology Division
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NOMENCLATURE

<f > molecular orientation averaging function.

k bimolecular rate constant in units of cc/mole-sec.

Squantum num ber for vibrationally induced rotational m otion in C O 2 .

also used as the range parameter of the repulsive potential function.

m reduced mass of the collision pair.

the atomic weigh"- of the Ith particle of a molecule.

effective molecular weight for the sth vibrational mode.

M reduced molecular weight of the collis. )n pair.

P transition probability

q the matrix element of the oscillators internal coordinate.
Q the quadropole moment.

s step number index of SSH theory

S a statistical factor which accounts for the degeneracy of an

energy transfer process.

T abolute temperature in degrees Kelvin.

v vibrational quantum number

Z average number of collisions required to cause a vibrational transition.

Z bimolecular collision frequency.AD
Ztr the contribution of relative translational motion to the value of Z

as described in the OSH theory.

a steric factor appearing in SSH theory.

osc the contribution of vibrational motion from step s of an overall process

to the value of Z as described in the SSH theory,

energy contribution of dipole-dipole attraction.

2
a function relating Cartesian and normal v:.brational coordinate.

energy contributior. of dipole-qta dropole attraction.I IH enthalpy difference between an excited state and the ground state

, L change in the value of the quantum number, I.
AV change in a vibrational quantum numberv

A 6 vibrational energy converted to translational motion in an overall

energy exchange process.

- vVi



e A the Lennard-jones attractive potential.

6 the characteristic vibrational temperature of a molecule
the dipole moment.

y Lennard-Jones collision diameter

xi transition moment.

4,vibrational wave function.

Wos the change in vibrational frequency during the s step.

in
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i
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1. INTRODUCTION

Theoretical performance predictions of any combustion process

depend not only upon assumptions regarding the species present but also
upon the nature if the reactions taking place. In rocket propulsion problems,

the simplifying assumption of thermodynamic equilibrium is usually made.
However, for some engines performing at altitude, there is convincing .-xpert-

mental and analytical evidence that nonequilibrium conditions exist in both

the nozzle and the freely expanding plume. Accordingly, an accurate mathe-
"INmatical description of plume radiation must consider the kinetic events that

permit non-equilibrium conditions to exist in the fiowfield.

In order to obtain useful estimates of the infrared radiatton from

plumes at altitude, it becomes necessary to know the rates of vibrational

energy transfer among the molecules that make up the plume fiowfield.

Although considerable information is available at the present time 1-60

garding energy transfer between the major molecular species that make up

typical plume enviornments (i.e. CO2 CO, N2 ,H 2 0, 12), considerable
reliance must also b- made upon theoretical estimates for the rates of pro-

cesses that have not ,,een subjected to experimental investigation. Fortu-

nately, it is frequently possible by statistical or quantum considerations to

find relationships between known and unknown rate constants. In those cases

for which this is not possible, recourse must be made directly to available thec,.y.

The prc-blem under consideration has obvious parallels to those

encountered in the mathematical description of the gas dynamic laser. As sý.'ch,

we are able to rely heavily upon the earlier review given by Taylor and Bitterman

concerning rates of importance to the CO -N laser system



2. MECHANISMIV

Vibrational energy transfers may be classified into at least three

distinctive categories: Vibration-to-Translation (V-T1 , Vibration-to-Rotation-

to-T: inslation (V-R-T), and Vibration-to-Vibratiion (V-V). In addition, there

are two subgroupings of V-V processes depending upon whether the transfer

is intermolecular or intramolecular. Examples of each of these processes are

to be found in the following listing:

V-T Process(

C02 (0110) + M CO2(00"0) 4 ,vi + 667 cm, (a)

H20 (010) H M -. H2 0(000) + M 4- 1595 cm 1  (a')

H2 (i) +M 4H 2 (0) + M +4155 cm 1 , (a)

V-R-T Processes

CO(0110) + OH 4CO2(00%0) + OH + 667 cm (b)

-1 #b')

H2 0(010) + H2 -H 2 0(000) + H2 + ]395 cm

N2l) +H 2 -N0 + H2 +2331cm-

V-V Processes (intermolecular)

C0 2 (0o01) -- N2 (0) C 002(0000) + N2 (1' W 14 cm-I (c)

H2 0(010) + 02(0) H20(000) + 02(1) + 39 cm- (c')

N2 (+) 0.) 4 N (0) + 02(1) +775 cin- (c")

2

J A--



V-V Processes (intramolecular)

C02 (000 1) + M, C02(0110) + M + 1682 cm- (d)

•-1

0 02(0440) + M 4 002(0001) + M + 324cm-I (d')

H2 0(001) + M H H20(100) + M + 103 cm-I (d"

It has been suggested that in molecules with small moments of

inertia (e. g. OH, H2 0, etc.) vibrational energy may be first transferred into

the rotational degrees of freedom rather than directly into translation44 1 ' 5 6 , 6 7

Convincing evidence has been presented which suggest that in --oJ)i.'ion. with

hydride like species, polyatomic molecules such as 002 and H120 are ceactivated-- 70
in this manner . Accordingly, although the energy requirements for V-T and

V-R-T energy transfers are the same, a distinction has >-een made here between

these processes and they are subsequently treated by different theoretical methods.

Before proceeding further it is appropr iate tc briefly review nomenclature

and the selection rules for vibrational transitions in GO2,H120, and the diatomic

molecules.

Carbon dioxide is a linear triatomic molecule, and as such it has

three normal vibrational frequencies, one of which is degenerate. In addition,

by virtue of its linear nature, it has a vibrational rotation mode about its inter-

nuclear axis. Accurdingly, four quantum numbers are required to completely
39

specify its vibrational state A typical spectroscopic symbol for this molecule

"will have the form C02(mn p). The integers m,n, and p specify the values of

the three vibrational quantum numbers v!,v 2 , and v 3; whereas, the integer t

will be even or odd depending upon whether v2 is even or odd; furthermore, the

following relationship holds:

V = v2 ,v 2 -2,v 2-4,...,l or 0.

2 2 2
• 3



During a radiative transition involving the CO2 molecule, the

following selection rules describe the processes which are possible

+1,0,
Av = -0

+

=y - 1,0,+
Av3 = -10

+ +
At - I whenever 6v i,

A = 0 whenever v2  0.

These rules have a quantum mechanical origin and are based upon an assumption

that the mot-hular motions involved are simple harmonic. Herzfeld and his co-
61workers have treated the collision induced transfer of vibrational energy from a

quantum mechanical standpoint. The basic assumption underlying their treatment

is that the minimum displacement X of the oscillator nuclei from their equilibrium

separation re during a collision is small compared to the instantaneous distance

x betwean the ncident atom and the center of mass of the oscillators. They

expand the interaction energy U(x-X) as a power series in X about r and neglect

all terms of order X'or highe-. In this approximation, for harmonic oscillators,

the dbove simple selection rules are shown to apply. More recently, Shuler and
42

Zwanzig have shown that for harmonic oscillators undergoing impulsive hard

sphere collisions of high energy, the simple selection rules break down and

multiquantum transitio.is become possible. lreanor at al93 have treated the

problem on the basis of an anharmonic oscillator and find marked departure from

'the madel described here under conditions of high vibrational energy coupled

with low translational temperature. The net effect is to increase the rate of

relaxation when the vibrational energy is high, i.e. under conditions prevailing

when the energy inversion is large. Accordingly, as the temperature at which

the vibrationally excited species are produced is increased we will expect

increasing departure from the simple rules given above. Nevertheless, In line
of -Irzfldandoter1,15,22,61with the assumptions of Herzfeld and other and for the sake of brevity,

we will assume that the rules do apply.

4



Due to an accidental degeneracy between the modes vI and 2v2 in CO0
there is a mixing of the wave functions (linear combination) to form two new statesI39that are assumed to be in local equilibrium (rermi resonance)3. This equivalenceof states is designated by placing both sets of symbols within the parenthesis.

Actually, there are two states of slightly :different energy that will then have the
same spectroscopic symbols. They are differentiated, by primes. We have for
example the states (021 0,100 0)' and (020 0,100 0)" dt 1285 cm- and 1388 cm-
above the ground state. In the present survey, only the total rate of energy flow into
or out of both states is considered. Any attempt to consider all of the states in
Fermi resonance individually would make the problem intractable at the present time.

The vibrational state of water requires only three quantuw numbers.
Accordingly, the symbol H2 0(mnp) designates that the integer values of the three
quantum numbers v1 , v2 , and v3 are m,n, and p respectively. The selection rules
that are assumed to apply for vibrational exchanges involving this moleculE are

S" as follows:

S• = - 1,0 :-

S•2 = - 1,0

S+3  1,0

The vlbiationai state of a diatomic molecule requires only one quantum
i.-mber for complete specification. Accordingly, the symbol N2 (.n) specifies

that there are m ,lanta of vibrational energy In the N. molecule. The selection
rule holding in these cases is assumed to be as follows:

Sv = -I

Although a very large number of rates must be known for a complete
specification of the vibrational energy transf-r in a plume flowfield, not all routes
for energy transfer are equally efficient. Accordingly, a very satisfactory des-
cription of nonequiLibrium radiation can be obtained from a knowledge of a limited
number of important rates. It is the intcnt of this comp.ation to not only provide

rate data but also offer some guidance regarding their relative importance.

5
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3. THEORETICAL MODULS AND STATISTICA•L TNTER-REYATIONSHIPS

Herzfeld22 has adapted the we;--Known SSH theory to the specific

case of vibrational energy transfer in 0 in the presence of Ferm, resonance. 3

The overall relaxation equcition is written in an abbreviated form, i.e.,

Z = 1.017 (U Y ZteXp "- - lr•) s o(Zs1\S1 r 'kT T)s ocs(1

The quantity Z is the average number of collisions required to cause a vibrational

transition to occur; Z. Ls a steric fictor to be discussed later; Ztr is the contribu-

tion of relative translational motion to Z; and then Zs )ocs represents the contribution

of vibrational motion from steps in the overall process. These and other quantities

are defined further below. It is to be noted that in multistep procecsos, the value

for Ztr is computed for the overall process, whereas', each step contributes its

iindividual ••lue for (Z In equation (1)

Y = 0.76(1 +1.1)

Zt= 1/2~~'(~ 7/6 e[4 1~)1/21

The energy exchanged between vibrational and translational degrees of freedom (/ e)
refers to the overall process regardless of the number of steps.

8' = 0.8153 1e 2

(z 0.04130, 2 ML 2  8s
s 0sc s 5

One value for (Z ) for each step (s) in the overall process appears in thes osc

expression for Z. This Z value is strictly for a single transition, Lie. , the

factor (l-e 1 is omitted.

*In this study, the factor (1-eG0/T) has oeen used only to relate deactivation

rates to the experimentally observed overall deactivation rates of specific
vibrational modes.

6



8s= hc ws'k,

Z0  sceric factor,

s = step no. index,

S a stati•;tIcal factor that accounts foz the degeneracy of the

energy transfer process,

reduced mole--dar weight of collision pair,

= Lennard-Jones attractive potential,

os- a function whose derivation depends upon the relationship

between the cartesian vibrational coordinates of the molecule

and the corresponding normal coordinates,

s= the chan.e in vibrational frequency during the sth step,

-8= vibrational ener-y converted to transitional motion in the

overall process,

M the effective molecular weight for the vibrational mode
thinvolved in the s step of the overall transition,

S= the range parameter of Lhe repulsive potential function.

2The function (Xs has the following form for a CO2 molecule, the numbers 1,2,3
being applied to the atoms OCO, respectively:

2 1

1 ~2

2 (2M 1 + M2)

~2

3 \2M1 + M2 7
SI+ 7



Fur:hermore, for CO,

Ms MM/2 for s=l,

2M1 M2
Ms 1 2M!+2 for s =2,3.

2
For H20 the function as has the following form, the numbers 1,2,3 being applied

to the atoms HOH, respectively:

2 1
UI 4+2MI (cos O)

2 2
12M 2 2MIM')

2 1 M 2 / (2M 1 + M1n

2Ml + M . 12M! 21 1

2 
J 

2

The value for r,2 Is not needed in our argument and will not '.c !..!n here.

Furthermore, for H.0

M = M~i2for s 1,

2M1M 2
Ms +for s 2,

~l2
M s M + 2 ( M + 2 t n for s =3,

(2M1. 2 )tana$

where Ais the half anqie of the isosceles triangle, formed by the two H-O bonds

in the water molecule.

8
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For a diatomic molecule,

2 2

2 M +M 2S�S 2(MI+M 2 )

M = M1 M2
12

The range parameter , was eval. ated by means of method B of

reference 61 and involves an iterative solution of the following two equations.

m .49• (o.LT)2] 1/3C in .5949

and

mI
o'/L = in - + _ f,

As an example of the approach followed in this review for the evalua-

tion of the statistical factor q, we consider the following transfer of energy:

CO2 (0310,111 0) + M 4 CO2 (033 0) + M

Due to the selection rules, this process is treated in a two-step mariner for

which there are two equivalent paths of lowest energy, i.e.,

002(0310,11 0) 4 (02(020) - CO2 (03a0)

and

G02(031 0,1110) CO 2 (04 0, 122 0) O 002(030) (II)

In accordance with the procedure outlined by Herzfeld 22, we express the wave

functions for the three states involved& in the second path in the following mamner:

9
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T,(0310, 111)' a' ,4, (0) ,'2 (31) + b',Uq ) 2 02)

%P(031 0, 111 0)" = a" 41 (0) *2 (31) + b" ,. ( k) 't,2 [1)

,(0420,1220) f' , (0) '2 (4 + g' 1, I) *'2 (21

4(0420, 1220)" = 1" "() J2 (4 + g" *1 (I) k2 (22)

%P(033 0) "" @1(0) ki2 (3)

As-before, the prime and doubie signatures designate states in Fermi resonance.
Beginning with the singly primed states, the transition moment for this path is

z2

XaI) = %k4(031 O,111 ) - ' (04-20,12a0) dz 1dz2
z2

£1 2,.* qf'(042 0,122 0)• •g ,(03a 0) dZldZ2

" [a'f' r "i (0) (0) dzI f ,2 (3') 7 P '2 2

+ b'g' r pl (1) 1 dzI 22 (1)? *2 (22) dz 21
z2J

x f' r kl (0)4',1 (0) dzl f 1 ,2(42)-2 2 (33) dz2 .

All other terms are zero due to the orthogonal nature of the wave functions.

In terms of the transition moment X2 with

z
- P2 a 21)~ 4,2 (00') dz

the overall transition moment for the second path becomes

XOI)= (a'f' % + b'g' ,F) •4 V• x• = [4a' +')2  %b' ('f')] X2

10
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After adding to the above the contributions whi( a arize fxorm the doubly

primed middle term, we obtain (ft (gf," + gtf,2
(I1) 4a[ + V8 b'

The orthogonality condition requires that the term in square brackets be

unity; whereas, the term in parenthesis is zero. Accordingly,

X(I)= 4a' X2

Since the deactivation probability and hence Z-1are proportional to X 2

we have

x2 (In= 16 (a') 2 x2

2'2

Herzfeld leaves the problem at this point to allow for considerations

of states in, Fermi resonance individually. Since it Is our intention to treat only
2the tot!i energy flux into or out of both states, we add to X (II) the contribution

Sd- to the doubly primed initial state. Then, due to the orthogonality condition,

we have for path II

x 2(II)= 16 X4

Similar considerations for path I give

x2 (I) 9x^x

Accordingly, for the sum of both paths we obtain

M 25

and the statistical factor, S, for the process is 25. In accord to the treatment

outlined here, the statistical factor is simply a function which accounts for the
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degeneracies of the reaction paths involved in a given process. The values

derived herein for S are of course only as good as the model for which they

apply, i.e., that of the harmonic oscillator. Values for Zowere obtained in
22

the manner outlined by Hrzeld A

The approach outlined here is very usc!;l in obtaining statistical inter-

relationships between the rates of various processes. Thus, it is possible to

statistically relate the rate of any process in CO2 for which v9  t 1 and t=,

to the experimentally determined rate of the following process:

co2(O1 0) + M 4 C02(0000) + M.

A large number of rates treated in this review were obtained in this manner.

Although the SSH theory has proven very successful in the estimation

of rates of vibrational relaxation for nonpolar molecules, for highly polar molecules

of the type typified by H2 0 it has been singularly unsuccessful. This is due at

least in part to neglect of the attractive portion of the potential function which

can be sizeable for molecules of this type. Shin3 7 has specifically treated the

case of H20 self relaxation in a simple and entirely classical manner. His

expression for the collisional transition probability with an assumption of T-V

exchange is as follows-
S-'--/41"maA ' •i_3/2 [_3X + <

fj1 q <f >a exp ++

10 3 2/ T -T I 7TT

16 D + ( (2)

377itT aiT}

The following definitions apply to equation (2):

Z4

rm reduced mass of the collision pair,

a (I
\X Fir3

12



the collision diameter,

DA C/),. Lennard-Jones parameter,

X n /2- a 2/3

change in vibrational energy due to the transit!on,

• <f> =exp (2)
l-3 (2 '2

q = the matrix element of the oscillator's internal coordinate,

DDT
= 4464 T T

• (•_•) D/V -3a -

=2815(~)~i•

A = the dipole moment of H20,

the quadrapole moment of H 20.

For the case of H9O relaxation by a nonpolar molecule such as N2 , tile value of

4<f> is near unity making the calculation very simple.

13
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Finally, Shin has also considered V-R-T exchanges in a clas.sical

manner for several specific cases 56,62. For the case of the so culaxation

of a hydride his equations take the form

P - Q'f f exp - ÷ '+ . I / 3
v10V kT kT IT 3 ir4IT 21tT

Where Q', fvt and g are rather complicated functions of the input parameters

described above, the values of which are Liberally discussed in reference 53.

For this review, we have chosen to express results in terms of a

kinetic rate constant k which has units of cubic centimeters per mole per
second where

k CV-T) ]
ZABP (V-T)

and

k VJ-V)= ZABP (V-V) 4

where ZAB is the bimolecular collision frequency, 1 is the characteristic
ABL

vibrational temperature of the molecule, and the expressions P(V-T) and P(V-V)

refer to the collisional transitio-vl probabilities for V-T and V-V processes

respectively.

Admittedly, our expression for the rate of a 11-T process depends upon

an assumption of the harmonic oscillator approximation. While we recognize

that, under conditions prevailing when large populations inversions are involved,

departures from the model will become noticeable 42,93 we have chosen to

maintain the approximation in accord with other authors

63,64
Although there are other theories (e.g., those of Sharme ) which

may be more satisfying than those of Shin from a quantum mechanical standpoint,

the latter were chosen primarily for their ease of utility which apparently does37,506,62a
not degrade their quantitative predictions to any marked degree

14



4. VIBRATION STATES CFOSEN FOR REVIEW ANID PRELIMINARY ,ATE SCREENING

This review considers the first fourteen vsbrational levels of P

C0.- the first five of water as well as the first two or three states of several of

the more prominent diatornic species. The vibrational species considered are all

tabulated In Table I along with their nornial frequencies. Data for CO 2 and HI2 0
38 3nd9 2beg2

were taken from Courtoy and Herzberg resp., whereas, the results for all
65

diatomics considered were found in the IANAF Thermochemical Tables

In a preliminary effort to screen the deactivation i'ates down to a

collection of tractible size, the rates of formation for all pro-ucts that are

created by deactivation of a given vibrational species were compared for relative

magnitude at each of several temper--tures uptD 30000 K. Frequently, only one or

two products were found to be favored almost to the exclusion of all others. This

allowed for a ready selection of favored paths, the others being dropped from

further consideration. This procedure was repeated for each of the several catalysts

considered. As an example of this procedure, we present the following case:

CO2 (0111) + CO2 0 C0 2 (mn ip) + 002.

The rates of formation for 9 different products are iilustratei .n Table II Nr a tempera-

ture of 1500 0 r,. A survey of this table shows that only the following dfactivation

rate need be considered in this instance:

CO2 (nell) + C02 - CO (0001) + CO2•

Similar results were obtained over the entire temperature range. Accordingly,

C02 (0001) is the only product of V-T deactivation of CO 2 (0111) by CO2 that is

further considered in the review. During the course of these computations, it

was found that the relative amounts of the various products firnmed depended

critically upon the temperature and only slightly upon the molecular weight of

the catalyst. As a consequence, the basic zonclusions drawn from Table II can

be assumed to be general at 15000 K.

15



5. CURRENT STATUS OF EXPERIMENTAL RATES

Taylor and Bitterman (TB) have published a very extensive review of

most of the experimentally determined rates of interest to the current review.

As a consequence, our first aim in this regard will be to update their review

with any new data that may be available. Below, sixteen processes are discussed.

(i) Co 2 (Oi 0) + M it CO2 (00" 0) + M

The most studied of all of the energy transfer classes considered in

the present collection of rate data is that of process(i) with M=CO 2 . Since the

review of TB, the only significant +udy of this process was that published by F
Simpson et a115 . Our selected rate is derived from a combination of these two

sets of data. In - similar fashion, the rate for this process with M=N2 as derived

from a combination of the results of the same two sets of authors. In this overall

analysis, we have found that the ratio (k A changes from 0.66 at 3600 K to
N2 c2

only 0.72 at I000K. As a consequence, we assume that k2 0.7k SinceN k2 co 2

CO and 02 have molecular constants very similar to those of N2 , we assume

thatk k k.
2 N

The rate of the above process with M=H 2 has also been reviewed by TB
18

as well as in the experimental studies of Simpson End Chandler . Although the

amount of data present in this instance is iar less than for the catalysts discussed

above, sufficient data are available to 0l.ow for a determination of the temperature

dependence of the process from 3000K up to 1100"K.

I
Water vapor is known to be an efficient catalyst for the vibrational

deactivation of CO 2 (0110). As TB point out, there is considerable question about

the actual mechanism of this process. The explanations vary from a qualitative
66

explanation based upon the chemical affinity between H2 0 And CO2 to form

H2CO3, to an explanation based upon art assumption of V-R exchange, made

efficient by the hydride-like nature of HiOl ith an attendant small moment of

16



inertia 56 Sharma 68 has estimated the magnitude and temperature dependence

of this process from multipole interaction theory and an assumption of V-R

energy exchange. Alth- igh this rather sophisticated calculation does repro-

duce the magnitude of the data, it is difficult to choose it over the results of

more simple models due to the high degree of scatter in the data available.

Our rate for this process is based upon a combination of the very recent results

of Buchwald et al 3 and the results reviewed by TB. The two sets of data allow

for a determination of the rate from below room temperature to above 1000 K.

Finally, the rate for M=H was considered from the standpoint of

He,'zfelds theoretical treatment for CO2, In order to place the value for this

rate in perspective, we have made theoretical calculations also for the case of

M=H9 . Since the two calculations both exhibited nearly the same temperature

dependence, the theory allowed for a determination of the ratio kH/k .

This value is reported in Table MIIa for process fl). The value for k is reported

relative to kH due to the fact that H) has a molecular weight near that for H

and thus the tgeoretical expressions will have nearly the saine temperature

dependence making the two comparable over a wide range of conditions.

A close examination of equations (1) reveals that reactions of the

type

CO2 (m,n p) + M CO 2(m, [n l]1, p) + M

will have differences in rates due almost entirely to differences in the values

of their statistical factors S. Conequently, within the approximation of the
harmonic oscillator, statistical considerations alone are sufficient to relate

the rates of these reactions to the experimentally derived results for process (I).

A large number of rates considered in this review were evaluated in this manner.

A graphical review of experimentally derived rates for process (I) with

various collision partners is illustrated in Fig. I and tabulated in Table II.

(i1) C0 2 (02 0 0,1000) + M - C0 2 (mn p) + M

Attempts at modeling of the performance of CO2 lasers usually involve

an assumption that CO2 0° 0) and CO22(0200) are strongly coupled, i.e., they

17 p



22
are ussentially in thermodynamic equilibrium. With this in mind, Rosser et a]

have performed experiments directed toward a measurement of the deactivation

rate of CO, (100 0) in the presence of excess CO2 as well as in the presence of
H20. Their method involved the injection of excess vibrationallY excited species

into both laser levels, following which the approach to equ.librJum by radiation101
at both 10.6p and 4.3, was monitored. They reported values of 1.87 x 10 cc/mole-
sec and 2.25 x 10 cc/mole-sec for the rates of this process at 3000 K with CO2

and H2 0 respectively as collision partners. Two deactivation products are possible
for process (ii), i.e., CO2(011 0) and CO2(000 0). Actually, CO2(0220) can alsoI 22form; however, theory suggests that this form will .e in near equilibrium with

CQ 2 (020 0,100 0) even at room temperature. Theory2 2 further shows that at 3000 K

over 99% of the product will be C02(011' 0). As a consequence, we interpret these

rates in terms of twice the rate of the following process:

CO2(020,100) + M 4CO2(01z0) + M

The rate measured will be twice the rate of this process due to the degeneracy of

the product. In the absence of further experimental results, resort was made to

theory to obtain the dependence upon temperature for these rates. It is of interest

to compare the abovc experimental constants with the values that can be estimated

from statistical considerations rnd the measured rates for process ai). The statis-

tical factor for this process is 2; accordingly, the predicted values for the rate

constants at 3000 K would be 6.6 x 109 and 1.7 x 1013 cc/mole-sec for CO2 and

H,70 respectively as collision partners. The actual value for CO2 is larger by a

factor of 1.5 than the predicted rate, whereas, the experimental value for H20

is smaller by a factor of 14. At present, it is difficult to establish the source of

this discrepancy. One possilbe source of error is the assumption that CO2 (022 0)
and CO2(020 0, 1003) are always in near equilibrium.2I

(iii) C02(0001) + M C CO2 (mnLp) + M

This process has lent itself readily to investigation by means of the
1-13

technique of laser fluorescence in recent years . In addition, shock-tube
studies have been conducted at elevated temperatures, and numerous measure-

ments based upon methods of sound dispersion have been conducted at near

18
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room temperature1. We have added the data from recent laser fluorescence
3,6-13

experiments to the results reviewed by TB and by least squares analysis

obtained the results plotted in Fig. 2. Dueto their wide variance from the

results obtained by laser fluorescence techniques, we have ignored the results

of Serikov 12 which were obtained by a phase method.

Six deactivation products are possible in the present instance:

CO2(031 0,111 0), CO2(0330), CO2(0200,100 0), CO2(0220), CO2(0Oi 0), and

CO2 (000 0). The rate constant for the formation of each product was evaluated

by means of the following relationship

[kz !
k (i) =k expti Fikk(i)j•

Theory

.th
where k(i) is the rate constant for the formation of the i product. The term

in the square brackets was evaluated with :he aid of Herzfeld's development of
22the SSH theory for 0O2,. This analysis demonstrated that at temperatures

below 30000 K only the products CO2 (031 0,111 0),CO2(020 0,1000) and 002(0110)

need be considered. In addition, the following process was considered in the

analysis and found to be of importance:

C02(000 0) + C02(0001) .. C02(020,100) + C02(0110)

rhe results of these calculations are all presented in Table Liua.

(iv) CO2(0200,1000) + M 2CO(0220) + M

While there are several examples of class (iv) of near resonant

transfers included in Tables II.a and IIIb, at present there are no experimentdi

data available upon which estimates of rates can be based. As a consequence,
2'7we resort entirely to available theory. The treatment given by Herzfeld2- Ir.di-

cates that processes of this type will always be in near equilibrlum even
69

at ' G00 K. Although the interpretation of the results of Rhodes et al is open to

19



some questions concerning mechanism, their re.ults seem to indicate that
near resonant processes of this type are indeed rapid having rates not far

1,22removed from those given by theory

(v) CO2(044 0) + M -# CO2(032-0,1110) + M

There are examples of several examples of class (v) type processes
included in Table IIIa. The low rates of deactivations of this type in contrast
to the rapid rates of processes of the type

CO2(0440) + M -C02(0330) + M

are due to the many individual steps Involved in the overall case, i.e., we
have in the present instance

CO(042 0) M C02(0330) M CO2(0220) 002 (0200,100 0).

In reality, these n-ultistep processes are slow and can be ignored except at
the highest temperatures. This particular case is given merely as an example
to illustrate the type oi results obtained. The many steps required are the
result of an application of the selection rules. No experimental data are
available regarding multistep processes of this type making it necessary to
rely entirely upon theory for useable estimates.

(vi) CO2(000) + C02(0230) 4 2C0 2 (0110)

A large number of near resonant V-V transfers in CO2 are included
in the present review. In the absence of any conclusive experimental results,

22the rates of all of these processes have been estimated by theory . From the
a6 9

results of Rhodes et al above , the rate constant at 3000K was estimated at

about 9 x 10 cc/mole-sec in fair agreement with the value of 3.5 x 1012
cc/mole-sec given by theory. Since the results of Rhodes et a16 9 are still
open to discussion concerning interpretation, we have kept the theoretical

S~value for our review. One nonresonant V-V transfer included in our review,

i.e.,

C02(0001i + 002(00 0) -4 C02(020,100) + C02(0110)

zJ 2~- 2 2010



was related by theory to rates given experimentally, see (ili) above.

S~-1
(vii) 1.JO2(00l1) + N2 (0) -C CO2 (00'0) + N2 (l) + 18 cm

Of all the intermclecular V-V exchanges between unlike molecules

considered in this review, this process is the nearest to energy resonance,
i.e., the energy defect is oily 18 cm- . Because of the near resonance,

22available theory predicts a very rapid rate for the energy exchange. Indeed,

it is known that this very rapid process is necessary to obtain inversion in the
N 1upper level population of the C02-N 2 laser sy-'tem1. Because of obvious

parallelism between that system and the production uf non-equilibrium radiation
in exhaust plumes, thi_ process can be expected to be very important in the

latter case also.

Extensive experimental data are available regarding V-V transfers
from CO2 (0001) to both N2 (0) and CO(0)8,l0,14,16,17 The methods used to

obtain these data involve primarily laser fluorescence 8 ' 10 ,1 4 and shock tube
16,17techniques1 . We have included all of the data from these sources in our

analysis, the net result of which is illustrated in Fi. 4.

(viii) H2 0(010) + M - H 20(000) + M

33-36
Water is known to have an extremely fast self relaxation time

the probability for self deactivation per collision exceeding 1/5 at room tempera-
ture Data are available relative to this process for M=H20 from one impact

33 34-36tube study and three sound-dispersion studies3 6 The data available are
somewhat scattered making it difficult to establish the trn.perature dependence,
as shown in Fig. 5.

In -in effort to estimate the temperature dependence, we have resorted
to the theories of Shin 3 7 ' 7 0 . Shin has developed two sets of classical equations
which treat this process as a V-T exchange in one instance and a V-R-T exchange

in the second case. Although the two approaches appear to give a markedly
different character to the temperature dependence, they both reproduce th,• .bsoi,..te
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rmagnitude of the data :esonably well. The different types of temperature

dependencies may be an illusion due to the failure to account for multipole

attractive terms in the latter (V-R-T) case. Since the theoretical develop-

mernt of the V-T case has been mcre complete, dnd since this case does

appear to reproduce the available data measureably better, we have selected

the V-T method to provide information for our collection of rates.

At present no data are available regarding the efficiency of other

collision partners relative to this process. In the absence of required data,

we have resorted to Shin's 3 7 classical V-T theory in all cases considered.
This theory was also used for the following related processes:

H20(100) + M H 120(000) + M (a)

and

H2 0(001) + M - H2 0(000) + M (b)

No experimental data are available regarding the rates of these processes

making a complete resort to theory necessary; however, the success of the

theory in giving rates for (viii)above leads us to accept the results with

some degree of confidence.

(ix) H20(001) + M H2 0(100) + M + 102 cm

No data are currently available regarding the rates of intramolecular

V-V energy exchanges irn water. In the absence of such data, we have resorted
61

the SSH theory . As is to be expected for near resonant transfers of this typf',

the predicted rates approach collision frequency. We did not use the theories

of Shin3 7 ' 7 0 here due to the fact that they have not been designed to expressly

handle V-V transfers in the stepwise fashion built into the SSH theory, i.e., they

do not account for seemingly important quantum effects that appear in this class

of transfers.

22
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(x) N2 (l) + M - N 2 (0) + M

The deactivation of N by itself has been extensively studied in

the shock tube at elevated temperature (above 12000 K)7 1 7 4 . In addition,

data are available from sound absorption and dispersion studies 7 5 ' 7 6 and

one Impact tube study 77, all at lower temperatures (below 12000 K). Unfor-

tunately, as has been pointed out by TB only the shock-tube data appears

self consistent, the rest being widely scattered. In accordance with the

conclusions of TB, we assume this scatter to be due to impurities, the

effects of which would be greatly magnified by the inordinately slow relaxa-

tion time at lower remperatures. Our selection of rate data are therefore

taken only from the shock tube results

78
Henderson has reported measurements based upon sound absorp-

tion which show CO2 having an efficiency nearly 3 orders of magnitude greater

than that of N2 in this process. However, his interpretations of the results
1,78of his experiments are open to question1 . As TB in their review point out,

Henderson's results are surprising in that CO, and N2 show very similar

efficiencies in other processes. In the absence of further data, we have
22resorted to theory to estimate the efficiency of CO2 for the purpose of this

review.

Water is known to efficiently relax most diatomic molecules 1 . The
77data of Huber et al and TB show no exception to this rule. These two studies

cover a temperature range from 413 to 16000 K and involve impact tube as well

as shock-tube techniques. Our rates for the relaxation of N2 (1) by H20 are

taken from the total collection of these two sets of data.

79V
White has investigated the relaxation of N2 (1) by H2 at temperatures

above 15000 K. Although the dat are limited and cover only a narTow temperature

range, we have used them to estimate rates for this system. The required tempera-
22ture dependence was taken from theory

Finally, deactivation rates for N2 (1) by 02, CO, and H were evaluated

directly from theory2 2 . In the case of H, we have evaluated only the ratio (kHA/H2)
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from theory and used the reported values of k to determine kh. The deactivation
H?

retes for process (x) which were taken ;tom experimental studies are all illustrated
in Fig. 6.

(xi) 02(0) + M -+ 0 (0) + Mh

Like process (x), the self deactivation of oxygen has been extensivel7

studied. The data have been reviewed by TB and co\3r a temperature range of
nearly 10,000' K. Furthermore, the experimental results were found to be in excellent

agreement with th ory (SSH) 61 over the entire temperature range. Our rate constants

were taken fiom that compilation.

Henderson et al have conducted sound absorption studies in O2 -H 2 0

sy.Atems and estimate a value for the deactivation rate constant of 02 () by H2 0
1022at 3000 K of kH 05 2.9 x 10 cc/mole-sec. We have accepted this value in the

absence of further experimental data and supplied to it the temperature dependence

reported for the deactivation of N2 (1) by H 20.

Very- little data are available regarding the deactivation of 02 (1) by

other collision partners. Henderson et al claim evidence based upon sound

absorption studies that CO2 is nearly 3 orders of magnitude more efficient than

0 in the relaxation of 02; however, their conclusions have been the subject

of some argument and will not be considered further. As TB point out, ON 2 . and

C02 exhibit similar efficiencies in numerous deactivation processes and it would

be surprising to find either 02 or N2 to be so much less efficient thdn CO2 in these

processes. Furthermore, neither N2 nor 02 exhibit unusual efficiencies in the

deactivation of vibrationally excited CO2. As a consequence, we rely upon the
22,61SSH theory to estimate the rate of deactivation of 02 (1) by CO2 H2 , and H.

All deactJvation rate constants which were taken from experimental results are

illustrated in Fig. 7.

(Xii) CO() + M - CO(0) + M

Since CO is infrared active with a spectral region which overlaps

4.3gpband of C02, an adequate description of the radiation emitted by a plume

at these wavelengths requires a knowledge of the concentrations of excited

CO. This vibrational deactivation process (xii) has been extensively studied

in the shock tube over a wide range of experimental conditions and in the pre-

sence of several collision partners 2 4 2 8. Hooker et a12 7 have conducted the

most extensive studies of this process to date. They measured the deactivation
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rate! in the presence of N2 and H2 , as well as CO itself. The results of Matthews 2 4

Gaydon et al, dnd Windsor et al were combined with the results of Hooker et al

to give an averaged rate constant for M=CO. The results for M=N2 and M=H2 were

taken directly from Hooker et al27. The tates of (12) for M=H 20 were taken

directly from the shock tube results of Von Rosenberg et al 4 0 .

This system is the only one considered in this review for which data are

available concerning the deactivation rate in the presence of H atoms 3 2 . The

relaxation was studied under conditions of rapid nonequilibrium expansion, a shock

tunnel being used to generate a nozzle flow with stagnation temperatures up to

45O00 K. The effect of H atoms was determined by adding trace amounts of H2 to

the initial gas mixture. The catalytic efficiency of H in this process is very high,

the rate approaching collision frequency at temperatures above 2000 0 K. The

reported steep temperature dependence for this system may be a result of the

method of H atom generation; i.e. , the dissociation rate of H2 itself is very tempera-

ture dependent. Furthermore, the concentration of H was not monitored. Neverthe--
22,61less, the SSH theory does reproduce the dependence upon temperature very

well and only underestimates the rate constant by about a factor of three. Thus, at
1215000 K theory gives a value of 4 x 10 cc/mole-sec; whereas, expe;iment gives

a value of I x 1013 cc/mole-sec. The rate constants for this system which were based

upon experimental observation are illustrated in Fig. 8.

(xiiia) CO(l) + N2 (0) - CO(0) + N2 (1) - 187 cm-

(xiiib) CO(I) + 02 (0) 4 CO(0) + 02 () + 587 cm

Sato et a12 8 have applied shock tube techniques to the study of vibra-

tional energy transfers of the above type between several pairs of diatomic mole-

cules. In both cases, they covered a temperature range of 15000 to 25000 K. In

addition to this study, Bauer et a12 9 have studied (xiiib) at room temperature by

means of a sound dispersion technique. It is of interest to note that in both of

these cases, Sato et a12 8 demonstrated that the SSH theory2 2 ' 6 1 agrees with

experiment to a factor of two over the whole temperature range.
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Also of interest to the present review and of the same general class

as (xIII) is the following process:

N2 (l) + 0 (0) - N2 (0) + 02 () + 775 cm-

Bauer and Roesler29 have estimated the rate of this process at 3000K from

sound dispersion measurements on N2 -O 2 mixtures. Ik1 other studies of this81-83
system were conducted with shock tubes at elevated temperatures . The

experimentally derived rate constants for the last three processes are illustrated

in Fig. 9.

l (xlv) OH(l) + M OH(O) + M

The inclusion of the hydroxyl radical into our model appears warranted

due in part to its possible near resonant transfer of energy into and out of the

stretching modes of the water molecule. This process has not been studied directly;

however, Worley, Coltharp, and Potter84 have studied the rates of deactivation of

OH (9) by several diatomic and small polyatomic molecules. The rate constants

(k x 10 / cm3.ole-sec) of interest to the present review and which were measured

were (k,M):(0.6, O2); (0.2, N2); (1.4, CO 2 ); (12, H2 0) at 3000 K.

In the absence of difinitive results regarding the deactivation of OH(l)

by different M, we have proceeded as follows. First, the self deactivation rate

M=-OH) was estimated from the classical equations of Shin42 which treat the

case of the self catalyzed deactivation of a diatomic hydride (V-R-T). The har-
monic oscillator approximation is then used to estimate k(l-.0) from the measured
rate k (9-+ 8) for each M of interest. The temperature dependence in each case was

estimated with the aid of Shin s37 equations for V-T transfer. It is interesting to

note that for a temperature of 3000K, the theory estimates kl-*0) at 3.6 x 103

cc/mole-sec for M=N,. whereas, the harmonic oscillator approximation relative I-
" 843to the data of Worley et al places the value at 5.5 x 10 cc/mole-sec. The

transition matrix element required by the theory for the internal vibrational

coordinate of OH (1) was taken from the estimates of Potter et a!8 5 relative to

their measurements of lifetimes for OH (9). In the absence of experimental data
37relative to CO as a collision partner, we rely entirely upon theory for its Offi-

ciency in relationship to that of N2 , see Table MIe.
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Sxv) OH(0) + H2 C' 001) -4 1 20000) + 186 cm-Z

Intermolecular energy.' transfer rates C.-V) between the vibrational modes

of H2 and OH and the stretching modes of H20 were estimated frozr the SSH theory 2 ' 6 .

According to theory, these exu.nanges are all very efficient ha-,.ng probahilities in the

neighborhood of 0.1 or higher at 15000 K. In reality, ass mptibns r.ade in the theoreti-

cal model preclude accurate predictions at these levels of efficiency; nevertheless,

the order of magnitude can probably be trusted. Significant]), the equations of

Shin which treat the transfer of vibrational energy into the rotational modes

'-R-T) of hydrogen containing molecules also predJct r ery h:., deactivation efficiencies.

Nevertheless, we have selected rates based uporn the SSH theory fcr these V-V trans-

fefrs due to the important quantum considerations discussed under ix) ab.)ve.

The transfer of vibrational energy between H2, (1) ard '0) was treated

in a manner analogous to that described above and is reported nTale Mie.

(xvi) H2(1) + M -4 H2 (0) + M

The vibrational relaxation of H2) has been the subjec: of numerous

experimental investicgtions in recent years. Unfortunately, h2ttle ;s known

regarding the efficiencies of collision partners other than H2 itself. The relaxa-
57,86

tion has been stLdied in detail at elevated temperatures in shc-k -_.bes

More recently studies have been repoited regarding rr.easurements ýt near room58,59an
temperature. These involve the use of stimulated Raman scatterinc and

87somewhat indirectly, laser fluorescence . Our self deactivation rate for H2

was derived from the sum of these experimental results which cover a tempera-

ture range from 296* K to 27000 K. The resultant rate constant is illustrated in

Fig. 10 as a function of temperature.

In the absence of experimental results, the efficiencies of N2 , CO,

021 CO 2 , H20, and H all relative to H2 were estimated from the SSH theory.

The results have been entered into the table of rate data.
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6. SUMMARY

Available race uata derived from experimental studies have been

combined with results derived from current theory to provide a fairly extensive

model of vibrational energy transfer for the CG2 -N,-CC-H 2 0 system. Based

upon the data compiled in this effort, several generciAzations can be made.

I
As pointed out by Taylor and Bitterman , there is a large amount of

exper.1mental data available regarding the deactivation (V-T) of CO2 (011 0)

during CO2 -C0 2 collisions. This state of affairs proves very fortunate due to

the large number of rates that can be related statistically to the m,, .itude of

the r-3te for this one process. It is disconcerting to find that contrary to
122available theory, N2 and 02 appear experimentally to be slightly less efficient

catalysts in this process than CO2 . At the time Taylor and Bitterman published 3
their review, the efficiency of N2 in this process was knc,/n primarily from I
highly scattered results derived from the spectrophone at or near room tempera-

ture. We have s-1ected the more recent results of Simpson et al which show

less scatter and cover a much broader temperature range. Experimental studies

regarding the offictencies of H20 and H2 as collision partners in process (1)*

have also recently appeared 3 . Overall, our knowledge of the parameters

important In these processes is probably satisfactory.

The recent advent of the study of vibrationa! deactivation by the

technique of .aser fluorescence has proven very useful as a tool for study-

Ing the deactivation of the asymmetric stretching mode of CO 2 3,8,10,11,13,14

Indeed, the efficiencies of CO 2 ,H 2 O,N 2 0 2 ,CO, and H2 as collision partners

in this process have all been determined by this technique. The res:," -" available

froni these investigations normally cover a temperature range of 2980 up to 10000 K.

Where possible, the temperature range has been extended for this review by

inclusion of shock-tube data taken at elevated temperatures. It appears that our

knowledge of the efficiencies of important collision partners relative t,- deactiva-

tion of the assymetric stretching mode is quite adequate for the modeling purposes
intended herein.

*See Section 5 for a review of process (1).
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Th i same technique of laser fluorescence has been usel to charac-
terize the intarmolecular transfer of vibrational energy between CO2 (0001) and

N2 (0) as well as CO(0). Both of these processes seem to have been adequately
10,14studied by this technique1 . In addition, the Lransfers to N2 (0) have been

extensively studied in the shock-tube at elevated temperatures. Shanna and
Brau 6 4 have reproduced these experimental results in a vecy satisiactory manner
theoretically. Although their quantum theoretical model appears quite capable

of reproducing experimental results for energy transfers in CO 2 to at least as
222

rood an approximation as the SSI! the3ry 2 as pointed out earlier, it was Judged

more involved than the present review jvstifies.

22Theory indicates that near resonant intramolecular V-V transfers

of the type

CG 2 (02 0 0,10 0 0) + M - C0 2 (0220) + M

occur with very high probabilities per collision (P > .01). At present., the only

experimental evidence available regarding these processes -is that of Rhodes et
al which lends support to these theoretical predictions. Nevertheless, the

interpretation of these results is still open to question. If processes of this
are indeed as fast as now appears likely, modeling problems involving CO •
be greatly simplified by assuming that states with the same value for the quantum

number v2 but different quantum numbers t cre in near equilibrium. This is equi-
valent to ignoring the quantum number L altogether. If this approach were followed,
the number of vibrational transfers that would need to be considered would be
greatly reduced. We offer Table IV, which contains a fairly complete sct of inter-
molecular V-V exchanges among CO2 molecules, as an cxample of this apprc ich.

At present, our knowledge of the vibrational relaxation rate for H2C
is very limited and the data are very scattered (see Fig. 5). In addition, our

kiiowledge i- limited further to the effic' of only one collision partner, H20
itself, and then only for the relaxation ot thc bending mode. Much experimental

date is yet needed for this system in view of the remarkable effect H2 0 has upon
the vibrational lifetimes of other molecules. Work in progress at A, Corporation

89is directed toward a satistaction of some of these needs
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Finally. our knowledge of the effect of reactive atomic species

upon the relaxation rates of important vibrational states in the system under
32consideration is at present limited to the single study of Von Rosenberg et al

regarding the effect of H atoz s upon the relaxation rate of C0O) atid the pre-

liminary results of Center90 concerning the effect of atomic oxygen upon the

relaxation rate of C02(01 0). Interestingly enough, in both instances it was

found that these reactive atoms significantly reduce the vibrational lifetimes.

Center 9 0 finds that 0-atoms are about four times more efficient than 002 in

relaxing CO2(011 0). Much work needs to be done in this area if the atornic94
species are as efficient as it now appears.

30
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7. EXPLANATION OF THE TABLE OF RATE DATA

All rate data, experimentally or theoretically derived, was expressed
as a power series in temperatures, T*K, as follows:

nk =A + BT- + - -2/3

The constants A,B. and C were entered into the table. In addition, the rate

constant taken directly from its source and corresponding to a temperature of

15000 K was entered.

Frequently it was possible to relate a group of rate constants to one

another by means of the relative efficiencies of the collision partners involved.

This treatment was possible only when the temperature dependencies of the

constants involved were similar. The column headed by the symbol 95

refers to these relative efficiencies. The efficiency factor • is measured

relative to the rate for which it is set equal to unity unless otherwise specified

in the table,

Sometimes piccesses occur which have two equal energy paths, but

with different values of Z /S for each path. In this situation the rate is the sum
0

of the rate for each path and both values of Z /S and shown in the Tables.
0

Finally, the source of each rate, theoretical or otherwise, is listed

in the last column as a reference or series of references. Molecular transport

properties used in this study to evaluate the theoretical rate processes by the
91methods present:d in •ection 3 were taken from Hirschfelder, Curtis, and Bird

92
except for the H -tom properties which were taken from Svehla

When using the table of rate data provided herein, it is useful to

4.eep in mind that at equilibrium the concentration of an excited molecular species

relativt, t3 the i-oncentration of the ground state falls off at higher energy levels

according to the Boltzman factor (e -AE/RT). As a consequence, for conditions

not far removed from equilibrium the process

CO2 (04 2 0,122 0) + CO2 (00o0) -G CO2 (03 0,11)0) + CO 2 (011 0)
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will be more likely to be of importance than thv process

[ O 2 (04 20,12 0) 1 CO2(0200,1000) "* 2CO2(031 0,111 0)

simply due to the fact that the concentration of CO2 (0000) is likely to be

much greater than that of 02 (020 0,100 0) below 15000 K As the temperature

increases, however, the number of individual states and thus the complexity

of the mechanism must necessarily increase.

Included as Table V are the Einstein coefficients for spontaneous

emission which give rjSe to the vibration/rotation infrared spectra •f CO,, CO,

and H 2 0.
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TABLE I

VIBRATIONALLY EXCITED SPECIES AND ENERGY LEVELS

-1 *-

Stdtes "CdM w (Average) 6 H (Kcal/mole)

C 0C2 (o1) 667.4 667.4 1.908

CO 2 (02 0 0,10 0 0)' 1285.4

C02(0200,1000)" 1388.21 1336.8 3.821

C02(02c0) 1135.2 1335.2 3.817

C0 2 (0310,1 110)' 1932.52 S2004.7 5.730

CO 2 (031O,1 110)' 2076.9

C• 2 (O3"O) 2003.3 2003.3 5.726

CGO(OOW1) 2349.2 2349.2 6.715

CO 2(O40 O,112 0 ,20L'O)' 2548.2

CO 2 (O40 O,]2O,2 0O)'0 2670.8 2672.0 7.638

CO (040°,12°O0,2000)'' 2797.027701
02 (0420,1220) ' 2584.91 2

1 2672.9

C0 2 (04 20,1220)" 2760.8

C02(04-0) 2672.8 2672.8 7.640

002 (0111) 3004.1 3004.1 8.587

CO; (05=0, i3"0, 2110)1 3181 .3

CO- (05'0,13 10,21-0)" 3339.3 3340.9 9.546

CO, (0,;-0, 1310,211 0)1" 3502.01

C00 (0530,1330)1 3241. 53342.2 9.550

CO 2 (05530,133 0)v 3442.9

CO? (0550) 3341. 8 3341.8 9.549

* =hc R where k 0Boltzman's constant
k l'Oave h

-kh =1.439 cm- OK

R = 1.987 call - mole-

34



TABLE I (Cont.)

States udcm- A H (Kca 1/mole)

H2 0•010) 1595.0 4559

H20 (020) 3151.4 9.008

H 2 0(100) 3651.7 13.438

H2 0(001) 3755.8 10.736

NO(I) 2329.5 6.659

N2(2) 4630.7 12.238

02W1) 1556. 1 4.448

02(2) 3088. 1 8.828

Ha (1) 4154.7 11.876

CG(O) 2142.6 6.125

CO (2) 4258.3 12.173

OH(M) 3682. 10.526
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TABLE II

Product Formation Rates* for the Following Process:

C0 2 (01'1 ) + C0 2 4 C0 2 (mn'o) + CO 2

Product k(15000 K) % Formed

(0440) 8.9 x 10 4  --

(o42o,1220) 2.2 x 10 .07
09.

(0400,120 0,2000) 2.9 x 10 .09 -N

(0001) 3.1 xl10 99.8

(0310,110) 1.5 x 108

(0330) 7.2 x 10 5

(0200,1000) 1.5 x 106

(02 20) 1.6 x 106

(0110) 2.1 x 106

Calculations based upon the theory of Herzfeld2 and known

rates for the deactivation of CO2 (011 0) by CO 2

i3
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TABLE III a1

V-T AND INTRA.MOLECULAR V-V ENERGY TRANSFERS IN CO2  _

REACTIo[ m A B C k(1S000X) SOURCE

(011o) .(Oeo0 CO 2  '1.0 38.3 -177 451 - 2.Sxl0o 1,15

N2 ,O2 Co 0.7 l.exlOll 1,15 4

H2 S3.0 - 83.0 345 2.2x,10' I I
H 20 31.0 - 44.4 242 3.8x40L 1,3

H 0.9t 1.9x1 O'" 22

"(02*0,1000) (01t0) ;zO 1.0 39.3 -177 451 7.0x104 1.15,23

N2.O2,CO 0.7 4.9x10
1

, 1.15,23

H20 29.0 - 44.4 242 5.0401U 1, 3,23

H 2 33.0 - 83.0 345 2..x10u 18.22

H 0.4$ 2.0x140 22

(o2°0.1000) -0oo) co 2  1.0 34.1 -137 4 .14i0' 22.23

1202,CO 3.1 1.3x10
1  

22

IN20 26.8 - 44.0 242 6.2x10l* 22,23 f
H2 39.5 -149 45 1.0x10 13  

22 j
H 1.61 38.4 -131 446 1.6x1013 22 L

(0220) "(01'0) CO2  1.0 39.0 -177 4S1 5.1xi0"l 1.1s.1

N2 ,O2 ,CO 0.7 3.6x10
1

' 1,15,22 1-

H 33.7 - 83.0 345 4. 4xi012 18,22

H1O 31.7 - 44.4 242 7.6x10e 1, 3.22

H 0.9t 4.0x0.W 22

(0*0, 1000) 4(0230) CO2  1.0 36.5 - 88.9 226 1.6xlO" 27

IN2,0z CO 0.9 1.Sx10• . 22

H 2 0.13 2. lxle 22

H10 0.- S.3x.10& 22

H 0 1.6x10t= 22

(030.Z0),..(OTO) CO2, 1.0 39.4 -177 4S5 7.6xlOl0 1,15,22

N2 , 02 CO 0.7 S.3x1O0X 1,1S.22

p12 34.1 - 83.0 345 6.3x10l
2  

18.22'-

H20 32.1 -44.4 242 1.lx10:' 1, -. 22

H 0.9t S.6x10o 22

(0 3 "0 , 1 110 ) (0200.0 .0) 1.0 39.7 -177 451 1.0xi0
13  

1, 3,22

2 o.7 ,olo 1.,S.22 (

I ? 34.4 -83.0 345 a.5xI0al 18,22
N1IN° 32.4 - 4.4 242 1I.$xl0t3 1. 3.22 ;

2
11 0.9. 7.7x10' 22

(03U.11 0I - (010) G 02 1.r 34.1 -137 4.1410 9  
22.23

IN2,02,CO 3.: 1.2x10il 22

3.2 3.S -149 451 1.OCo'" 22

IN120 . 43.0 -234 525 3.Sx101 1  
22

H 1.6t$ 38.4 -13: 446 1.6X10U 22

(03'0) Zot) 1.0 ,9.4 -177 451 7.sxc0 1
l 1.1•.22

N 0.7 S.3xl0" 1,15.2212
IN2 34.1 - 83.0 34S 6.6A0I o 16.22

1120 32.1 - 44.4 242 1.1x103 1, 3,22

L _ _ . 0.9" &.0xW0- _ 22
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TABLE III a (continued)

REACTION m A 8 C k(1500°)Q SOURCE

(03'0) -(02°0,10°0) Co2  1.0 31.5 -171 264 1.2xi0
8  22 z

N2 1.8 31.1 -159 260 2.x10
8  22

NZ 27.5 - 90.1 230 1.9x10
9  22

1120 27.5 - 90.1 230 1.9x10
9  22

1 2.0 35.8 -244 934 1.9x10
9  22

(0310.11'0) -(0330) CO2  1.0 37.2 - 89.3 227 3.2x10
1
' 22

N2 ,0 2 , CO 0.9 2.8OX10'3 22

E2 0.12 3 . 9 x,1 0 u 22 2

H20 0.33 1.1x10u 22

H 0.094 34.5 - 84.5 213 3.Ox1013 22

(00=1)"(020,10*0) Co 2  1.0 54.6 -404 1096 1.4x10* 1,3, 8,13,22
0.3 S.2x10

1  
1,3., 8,10.22

02 0.4 5.6x10" 11.22

H2  46.5 -279 892 3.8x10'3 3,10,13,221

H 0 27.9 + 18.5 -211 1.3x012  6,9,10,12,22

H 1.5t 7.2x10U2 22

CO2 1.0 43.6 -252 685 4 . 3x!0II 1.3, 8,13,22

N CO 0.3! 1.3x10" 1.3. 8,10..22

02 0.4 1.7xlO 11,22

H2  44.2 -293 914 1.3ja10" 3,10,13,22

lizO 19.3 +108' 1-397 1.Sx10, 6,9,10,12,22

H 0.8j 1 1.440" 1, 22

(00* 1)'+(00' 0) ( . , fo W +(01 !0) CO 44.0 -242 633 6.1x101 1.3, 8,10.22

"(00,1) (0110) O2 1.0 53.9 -407 824 6.4x 10
1  

1,3, 8,10,22
N:C CO 0.3 I1.Sx101  

1,3, 8.10,22

0 2 0.4 2.4XI10t 11,22

H2  47.9 -324 j10:3 9.6x10.'1 3,10,13.22

fl1O 30.7 - 54.7 - 36.0 1.3x10. 6.9,10,12.22
H 1. ' i 1.gx1ol' 22

(0430.12o0.20-') .WOO1) 002 1.0 o.0 -108 i I.Io 22

NZCo. 02 1.2 29.6 .100 161 3.8r!0 22

H2  28.6 - 63.5 45.2 2.1x10C' 221 12
HO 29.1 - 65.3 159 8.7x,09 22

H 0.4 26.3 - 21.8 -101 1.Gxl0o' 22

(040,120 0. 2V 0) (033t0) CO2 1.0 30.2 -171 264 3. 1x107 22

N2 ,CO,O2 1.8 S.640O7 22

H2 29.6 -153! 520 6.5x10a 22 -

"2° 0
3 2

0 0.91 32.8 -197 I 687 , .9,c10
8  

22

(040.12O0,20*0) "(03'0,1100 CO02 1.0 4C.1 -177 I 451 1.5x10• 1.15.24

"1;2oCO.0 0.7 1. 1xI41 1,5.22

1 234.8 - 83.0 345 1.3xl0` 18,22

H 2 0 32.8 - 44.4 242 2.3x10 C" 1. 3,22
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TABLE III a (continued)

c7 RUCTION A SOURC-

B 8 c ;(15soo0 ) SOcE

('410, 12o0,20°0) (0200,1000) CO 2  1.0 43.7 -272 437 1.4xi0 22

N 2 ,0 2 -CO 3.0 43.3 -254 433 4.310
0  22

H2 38.8 -134 371 1.0x10•l 22

2
H20 42.2 -215 430 3.7x0IOx 22 2

H 1.6t 1 37.7 -116 366 1. 6X10X3 22 Z

(0400, 12'0,2000) (0230) Co 2  1.0 39.2 -271 438 1.6x108 22

N2 ,O 2 , CO 3.1 38.8 -253 434 5.0x10 22

H2  34.6 -133 372 1.7x10"
1  22

H120 38.0 -214 431 6.2x10
9  22

H 1.6t 33.5 -114 366 2 .7X10P 22

(0430,1230) • (04°0,12*0,20*0) CO 2  i.0 38.1 - 90.4 230 7 . 2U1603 22

N 2, 02' CO 0.9 38.0 - 90.8 231 6. U 10132

W H2 0.12 35.6" - 84.9 214 8.6x10"= 22
22

2H20 0.33 36.7 - 88.3 237 2.4U 10'3 221 j

H0.09 35.3 - 84.S 213 6.5x10z* 22

{04-0,12='0) (03'0) CO2  1.0 39.7 I -17/ 451 1.0xlO"a 1,15,22

N 2 , 0 2' CO 0.7 7.0x10'x 1,15,22

H 34.4 - 83 345 8.sx101' 18,22

H20 32.4 44.4 242 1.SX•.01 1, 3,22

H 0.9t 7.7x10' 22

(0430,122 0)-(03t-0.11 0) Co 2  1.0 ' 40.1 -177 451 1.5x1012 1,1522

N2 ,0 2 oCO 0.7j 1.1x103 1,15,2.

H2 34.8 - 83.0 345 1.3xlO 13.22

H 0 32.8 - 44.1 242 7. 341013 1. 3,22

H 0.94 1. 240'" 22

(040, 1?20) (0440) Co 2  1.0 37.8 - 90.4 230 5.4x10l3 22

N2 , O2 , CO 0.9 37.7 - 90.8 231 4 .8X1013 22

H 0.12 6.Sx100 22
2

H20 0.33 1.8X13 22

H 0.09 35.0 - 84.5 213 4.9xl0"- 22

(0400 -(03-U.' CO 2  1.0 39.7 -177 451 1.x010 1,15,22

N 2 ,O 2 CO 0.7 7.0110u 1,15,22

H2 34.4 - 83.0 345 8.Sx101 18,22

H20 32.4 - 44.4 242 1.5X10" 1o 3.22

H 0.4 7.7x1O'l 22

(0440) (03'0.0110) J CO2  1.0 30.1 -171 264 3.0x107 22

N 2 .0 2 cO 1.6 S.2X107 22

H2  29.6 -153 ,19 6.2,108 22

H20 29.2 -135 256 2.7x108 22

(o0ilV) (0091) CO2  1.0 38.5 -177 451 3.1x4011 1,15,22

N 2 , O 2 o CO 0.7 2.24101 1.15,22

H 33.2 - 83.0 34S 2.Sx101 18.22

S20 31.1 - 44.4 242 4.2x101a 1. 3.22

H 0.9$ 2.3x10 22
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TABLE III a (continued)

A~I~aO A 0 C k a(1Suol SCUP.CE

(05'0.13'0.2I10) -,S0.013"•0) CO 1.0 38.4 " 8.9 226 1.l0L4 22

N2102,CO 0.9 I1.0X10v .12

t20 0.33 3.?x10l' 22

,12 0.13 1. Sxl02 22

H 0.1 - 1.1xO12 -2

100 3.A 8.9 26 7.XI22(050, 133O) W (0S0) CO2  1.0 30" " 88.9 226 7.2x12
N2.O:0 O .9 6.6X10 3 22

H20 0.33 2.Lx!0l 22

H. 0.13 9 . 8x 10 12 22

H 0.1 7.,CIOR 22

(05'0, 130, 2110) 4 (0400. 1260,2000) Co 2  !.0 40.5 -177 451 2.3x4013 1."5,22

2-O2'CO 0.7 1.6x10' 1,15,22

32 '3.2 - 44.4 242 3.4x1012 1, 3,22

S2 35.2 - 83.0 345 1.941011 18.22

0.9ý 1.741013 22

(05201.3WO,21P0) - (04'0. 12-0) CO2 100 40.4 -177 451 2. 140s 1,15,2,

2 o0.7 2.10Sxl10 1,15,22

H 20 33. 44.4 242 3.1xiO 1, 3,22

H 2 35. - 83.0 345 1.7x101 18,22

H 0.9* ;.S1X10' 22

(050.,13 20) (04:0,120) CO2  1.0 40.4 -177 451 2.3,10 • 1 1'2s

N 2 ,0 2.CO 0.7 j .SX101 1,15,22

P 2 0 23.1 - 44.4 242 3.1x10
1 2  

1, 3,22

H2  
34.1 - 83.0 345 !.Txl0' '3,22

H 0.9t ;2.Sx*10 22

(Olo, 0) I (0e0) CO 2  1.0 39.9 -177 45! 1.3xl01 1,:1,22

N 2 ,0 2 .CO 0.7 9.lxIOl" !,122

h 20 32.6 - 44.4 242 1.9-x01: 1. 3.22

H2 34.6 - 83.0 345 /i.xlO' :',22
H 0.9: !.0xl0"" 22

(050) .11(04,0) iCO2  .0 39.9 -177 j 1.4x10S! 22
N CO 0.7 -3. l012 22

O 32.9 - 44.4 242 1.7xl01 1. 122

H2 34.6 83.0 34S !.lxl0-l B,22

I f 0.9 40.o60 22

(05 0.13'0,21i0) °(06.1110) CO2  1.0 34.2 -137 1.2x10t* 22

N 2 ,0 2 -CO 3. 3.84x0" 22

"II 0 27.9 .- 44.0 242 l.Tx1.0X 22

'2 22112 40.s -2-149 451 3.0x10": 22

1 I1.6*4 4-.x10' 22

S0. 13"U) •(oo) CO 1.0 34.I -137 .lxl0 9 12

N-2. OCO 3.1 1.3xlf01: 22

Ifl20 26.8 a 44.0 24Z 6., 2xIlls• 22

112 39.5 1-04 451s .oIl 22
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TABLE III b

INTERMOLECULAR V-V ENERGY TRANSFER RATES IN CO2

P-ACT1OU Zo/S A a C WHISOO SOURCE

(?OVOWo) + (00"o) -1(0110) + (0O1) 18 34.8 -08.0 233 3.Sx10' 22

(o211 0) O) ) (O1P0)1(0P ),s18 34.8 -88.0 233 3.Sx101 22

(03'0, 11P0)+{(0000) - (O280, 10'O)+(Ol'O) 9,9 35.7 -88.2 233 8.2x10"2 22

(03 0, 111 O)W(O0O0) (0230)+(O110) 12 3S.2 -88.0 233 s.zx0iO" 22

(0330)+(00*0) 4 (02 0)+(O010) 12 35.2 -86.0 233 5 2.-. 10o 22

(04'0, IV 0,2000)+(0000) "4 (0310, 11 O)(011O0) 6 35.9 -88.0 233 1.OxlO 22

(04* 0. 12" 0, 200 0)+(00° 0) " (0200,10" 0)+(020 0, 100 0) 3 34,9 -89.0 234 3 . 8x1Ot2 22

(0430, 120)+(000) -0 (0320, 1110)+(0110) 6 35.9 -88.0 233 1.Ox103 22

0400o 120)(OW000) 4(02*0)+(02*0,1000) 9 33.8 -89.0 234 1.3410'a 22

(0400,12 3
0}H(00*0) -(0330)+(0110) 9 35.5 -88.0 , 233 6.9x10l' 22

(044O)÷(009}) 4(0330)+(0110) 9 35.5 -88.0 233 6.9x10" 22

(oil 1)+(00a0) " (O001)+(Ol o) 36,9 34.1 -87.7 230 1.8X101 22
(03'0,o X1 0)+(01 1O) " (02°0. 10 0)+(02° 0. 10° 0) 4.5 36.2 -88.0 233 1.4X110 22

(0310,11'0)÷(010) . (0220, 1000)+(0200. 100) 6,4.5 35.7 -88.0 233 4.3x10' 22

(0310, 11 0'÷(010 0) "(0220)+(L2•0) 6 35.9 -88.0 233 I.Ox103 22

(03aO)+(Ol 0O) - (02*0)+(0280) 6 35.9 -88.0 233 1.OxlO3 22

(0330)+(011.0) (02b0)+e(020,1000) 6 3S.9 -88.0 233 1.OxIN3  
22

(040,2J0o.2000)+(0110) -. (0310,O1110)+(0220) 3 36.6 -88.0 233 2.OXO,1 22

(0400, 20°20*0)÷(010} 0) (0310.,11)4(020O,10000 3.3 36.7 -88.2 233 2.3x10I 22

(0400, 120)÷(0110) (0310, 11'0)+(02a0) 3.9 36.6 -88.0 233 2.1x10' 22

(040, 120)4(010) (0310. 11'0)+(02*0, 1000) 3 36.6 -88.0 233 2.0x1013 22

(1)4'0)+(01'0) "(0330)+(C2e3) 4.5 36.2 -88.0 233 i.4X10t 22

(04•)+(0110) ".(03'0)4(02*0,100O) 4.5 36.2 -88.0 233 1.4XlO' 22

(011 1)+(Ol0O) 4 (000 1)+(0230) 18 34.8 -88.0 233 3.SX1018 22

(011 1)+(OltO) 1 (00*1)+(0260,1000) 18 34.8 -88.0 233 3.x510 22

(0420,12'0,20e00)(02O,l00) 42(030,1110) 1.5 37.3 -88.0 233 4.041012 22

(0480.120•)÷(02"00 1000) -2(03'0,1110) 1.5 37.3 -88.0 233 4.0x10' 22

(04". 120).*(020,100) -(0330)+(0310.11O0) 2.25 36.9 -88.0 233 2.8x103 22I04'0, 1203) (0220.1090) . (02•0)÷(04°0* 1280.20°0) 3.0 34.9 -89.0 234 3.8x10l2 22

(0460)+0200. 1010) (03 0)÷(03'0. 10'0) 2.25 30.9 -88.0 234 2.8410"' 22

(01 1)+02W0o ,100)" (0O0'1)-(03'0.o100) 9 35.5 -88.0 233 6.9x1018 22

(04*0. 12'0, 20*0)#(02'0) - (03'0. 1' 0)-(0330) 2 37.0 -88.0 233 3.Oxl0fl 22

(04". 12002000).(02*0) ", (0310. 111O)W03'0. 1110) 2 37.0 -88.0 233 3.0OX101 22

(04"0, 12�0)}(0220; " (03'0. 11'0)+(03'0. 11'0) 2 37.0 -88.0 233 3.0x10•' 22

(0430, 1240),(02'0) "(030. 1 "0)(033
0) 2,3 37.5 -88.0 233 5.OxIO•3 22

(0400, 1220)+(C'-O) 4 (03 0)÷(03:0) 3 36.6 -88.0 233 2.0xO1'3 22

(04'0)÷(0210) *. (03'0-1+(0330) 3 36.6 -88.0 233 2.0zO10 22

(04'•0(oe2'O) -s (0330;+(030.o1110) 3 36.6 -88.0 233 2.04101) 22

(01' 1)0(02'0) - (00" 1)+(03"0) 12 35.2 -88.0 233 Sx10'l 22

(01 1)÷(0230) (00I 1)(03'0.11) 1 1P 35.2 -88.0 233 S.xIlo' 22

(0i' 1)0(031 1110) - (W0 1)+(04*'0. 1200, 200) 6 35.9 -80.0 233 1.Oxz0' 22

(01' 1)4(03'0,1lPO) * (00'1)0040,1230) 6 35.9 -88.0 233 l.OX01O 22

(01, z)wcl.O) -v0)*l•,.(Q23O) j 12 35.2 -88.0 231 S.2xlO' 22
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TABLE IlI b (contlnued)

C (S0K SUC
RIACIUK ONB I Loo-oSl

(O5U.OITJ,21hO),,(0O0e) - (.iO,2,00.iO').,(Ol'O) 4 f.L.'3 - 88.0 3 I.Sxl,)3: 2Y'

(0o.o0, 130, ).I (00'0) 4 (id4-,1.`"0),(0;10) 4.5 36G' - (.8.0 .33 1.4x1OJ 22

(050. J3'.' 210) . (O• ,O) (0 ;O, i2%O20',)÷(02O~) 2.0 37. - 88.0 1 233 3. 0xlO0"' 2

(05:0,13 ),21' *)'(401)) 4(04'0, 1:'0,20"0)(02'0,10*0) 1.0 37.', - 38.C 233 .Oxl, 22

(oS'.0,31 (,1
1
,.,,(0l

1 o0). ~(0420,12.).(0..:0) .25 36.$ - 88.0 .3 .61,2'' 22

(0510,1311,21..)J*(0I.0) 4(04=C,.-.IO)w.z2o,10O) 2.25 36. 5 - 68.0 ( 33 .. 6)cola 22

(0:;0,I3T J,2V :)4(0220) -(040.12'0,20 0),0330) 1.33 37.4 - 8B.0 233 4.7x:0'
13 2

(0510, 13' J,21 V J '(02'0) - (040, 12'00,20"0),(03'0, I 1, 0) 1.33 37.4: r.1C 233 4.7m3.1" 22

(O0O, 13' 3,21" :)+(02*0) (0430.22a0)-(0330) 1.5 37.3 88.0 233 4.3Xlc" 22

(05"0o 13%0, 2 0)-(0210) - (0 4'0,12* 0)*( 0 3 ' 0 , 111 0 ) 1.5.3 37.5 - 88.0 233 i. xIo• 22

(05IU,13'0,21 PO)4(o2'0, 100)'(O40, 1 210,20'0)-(03% 11*- O) 1.3 17.8 - 88.0 233 7-1 XI0' 22

(0990, 13' 1 21- ,0)"(02'0.!0*0) "(04%0 1220)W(03
1 0.11'0) 1.13 37..6 - 88.0 I 233 5.7x1O0'- 22

(05%0. 13'0, 21'0)-(03'0. W1'O) - 2(04-0,12'0. 2090) 0.67 38.1 - 88.0 23. 9.•6X 1133  22

(0 S'O. 13%0, 2 PO) (0!'30,01110) - (040,C,! 20O,).(c-• ° 0.12"0) 0.67 3e.I - 88 233 9.6x1O; 22

0 ."(04'0°10.20'0)÷(0440) 1 0 37.723 6.4x!.A 22

(090, W130, 2' V0) -(0-'-0) " 2(04*0o 1220) 1.13 37.6 - 88.0 23i 5.7x!0'
3  

2

(05W0.13C)4(00o' - (040,1220)*(3010) 4.5 36.2 - 28.0 233 1.4xlO* 22

(OS90° 13 3.Q0- (W) - (04' 0).(03" O) 7.2 35.7 - e8.0 233 .x1 22

(0530,13" :)+(0'- 1) -(042 0,2320)÷(02'30. WO) 2.25 36.9 - 88.0 2.8x13 22

(0530. 133 0) +(0 1 ,) - (04' 0)÷(02' 03 10' 0 ) 3.6 36.4 - .0 233 3 1. 7x1' 22

(0VOS, 13G) () + (07) -0 1'0 .2'0)+(0 ) 2.25 36.9 - AS.o 2.8x73l" 22

(050,13:' 0)- (01' .)0 (04"0)+(02'0; 3.6 36.- 8E.0 233 I. Ux1o' 22

(0 5 3• 0 , 1 3 3 C) +(0 i2 ;' , l 4g O ) " ( C-4 20 , 1 2 2 ( 3} ' 0 ,• O , ' 1 0) 1. 1 3 3 7 . 8 .0 2 3 3• S. 7 x 1 0' 3 2 2 1

(053 0, 1330)+(0 2 0)j, - (0 4' 0) +(UP, -0) 3.6 36.4 i8.0 233 1.7xKIC 1
3 22

(O v, o , !3 , 0 )" (02m e ) .( r,4 4 0, 1 e 0 }÷ (0 3 "1 1 0" ) ! 5 3 7 . 3 8 . 2 %3 "- . x G"

(05;'0, 1330)- (02- 'j) -(0430. 12;'0)-'((3"-) t.S.3 3 S, a. 23"." S.Axl•' IC-

(05•), 133}0)2 (0240) 00140)('3 -0 3 ) 2.4 36.8 8.0 233 2.6Gx-10 22

(0AI3S0)'(02'0) -(04'0)-(03'• 2.4 36. 8.0 233 2.6x!0": 22

(05o0)-(00•")) 'O'.•0)-fl!"0) 7.2 35.7 -a3.0 z'33 e. 7,10'1 22

(0550)+(01,t.)) -,((,4"0).(Oe"0 3.6 36.4 - b.0 212 1.T7X 1"'1 22

(0 S5 0) -(0 1'O "0 • 0 ( 2 3 , )0) 3.6 '6.4 :181 . 3 2 1 1 1. 7x ;0 C'• 22

(05 50) +(02 *l,0 (04 4"0) -(03 *;0 ,!1 00) 2.4 36.3 - q.0 z3 3. 2.6x 10ol) 22

(0 5 '0 }) (0 2; 1,) " (0 4 ' -l lo' f)3" ) 2 .4 3 6 . 5 - 8 8. 0O 2 133. ' 2 .6 x !0 " 2

(0550)1(02"•. 10'f;) "(040)-(F)3'0, 110) 1.8 37.1 - 68.0 233 3.4x10"' 22

42



TABLE III c

SCRAMBLING 4 REACTIONS IN CO2

REACTION fZo A B C k(
1
d500'K) SOURCE(0200, leOO)+(01OO) *(011 0)+(022) 

9 35.5 -8c.0 233 6.9x101
2 22

(030. I 110)+(02*00 10 0) (0220)+(03&0, 1110) 4 36.3 -88.0 233 1. Sx,,I03 22'0O3'0,11)OJ+(O23 O) -(02'o0)÷(93 3
0) 4 36.3 -88.0 233 1.5xl013 22(03% 11() 0)+(022o) - (0230, i0*01+10330) 3 36.6 -88.0 233 2.0410"3  

22
(0310, 1; 'o)(022o) ."(02O,100J)+(0310. 1'o) 3 36.6 -88.0 233 2.Ox10': 22(0400 12 1

'0,2090)#-(0310,1110) -(031O-l0, o).o+043,12•) a 37.7 -88.0 233 S.ox.Ou 22
(04a 12* 0)÷(0310 111O) " (03'0)+(W0,~ 12-0) 1.5 37.,j -88.0 233 4. Ox10' 3  

22
(04% 12 ZO)+(O3 10o 1 1l 0 ) " (0W0)+(040,120, 1090) 1.5 3?.3 -88.0 233 4.0x 10" 22
(04*;.1200°20*0)+(0330) -o (03IO'.1jo).0(0440) 1.5 37.3 -88.0 233 4.0xlO'= 22
(04*0, 12'0)+(O3aO) "(03 1

O,110O)+(0440) 1.5 37.3 -e8.0 233 4.0xJ0'3 22
(0430, 12*0),(0330) - (03*0)+(04'0) 

2.25 36.9 -88.0 233 2.8x10%3 22[04'0. 120O)(03"0) (0310.1 1%0)+(04to° 1220) 1.5 37.3 -88.0 233 4.0x 1 0' 3  
22

SReactions involving changes only in the quantum no. Z.
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TABLE 11 al'/-T AND INTRAMOLECULAR V-V ENERGY EXCHANGES IN SPECIES OTHLR THAN C0 2

REAC TION , , A a c k(15OO0Q SOURCEH2 0(0IC) H 20(000) H 20 1.0 52.8 -363 146 1.loxIo 33-37

N2'O, 48.5 -243 Ee5 4.9x10 37
CO 2  50.8 -300 813 Z.3xl0t: 37

H, 35.2 - 14.0 6.0.0 1 4  
37*

H 1.4• 8.4xi01 4  
37*H0(01C0) "H20(0101 H20 53.S -363 i432 2.0x10 1 4  

33-37

N2,O 2 ,CO 49.2 -243 558 9.8x10• 3-
CO2 51.5 -300 813 4.6.:-10'3 37

H2 35.2 - 14.0 6.00, 4  
37

H 1.45 J i 8"dx1014 3-*

1120(001) 41120(000) H2 0 1.0 55.1 1999 5.2x20 1
0 37

N2,O2CO 53.9 -451 131.xt 37

S CO2  55.81 -512 1354 2.9x90 9  
J7

H2 46.5 -273 1059 2.3x10' 3-

[144.7 
-224 939 ].0xl0 3-

Ef 20(100) 01t.O(oo0) ;I C 1.0 58.6 -541 2084 6.4 x 10:1 37
m 2 0 2 ,CO 55.3 -435 1079 1.3 x 10 . 37

CO2  S7.7 -503 1331 Z.4 x 1010 37
H 20 58.6 -541 2084 6.4 x 1011 37
if2 47.2 -229 821 3.4 x 10'4 3-LL466 -218 4 920 3.4 x 10 3-

112(001) N 2 0(100) I20 .0 36.9 88.71 250 3.1x31
0" 22-

N2 1.4 4-3x10 1' 22
HO 0.6 .Sl-10•= 22

2

CO2 |31.7 5.30lx :1 214

S 2(o)() •,N20 H 3.4$ 1.8xil0l 22 •

* i ( )2- 2 , CO 1.0 42.2 -292 l.8x10 7  
1.22

CO 0.14 X10 6  
1.22

2H 0 38.3 -124 .5x10)-
-- 2 32.7 - 90.2 u.0xolot 1.4

ý N t* " (1 N 2 O2CO 1.0 429 -292 3 -6x 107 " 1.22

CO 2 0. 14 5.OxlO 6 1.22
H 20 39.0 -124 I-7xilOL 1.22

H 2 "43.4 - 90.2 1.2xll 1.4.22
Ht 3.1 

3 . 6xl0 U 22
O(2) W 02(0) N2 , 20,. CO 1.0 36.6 -158 ?.9xi0 1.22

CO 2  0.3 2.4x10 9

2H20 42.6 -12, 6.2x10'* 1.43

_ 12 33.0 - 66.6 6.4x10 u
1  

88
H1.7 1. IX103 72
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TABLE III d (continued)

V-T AND INTRAMOLECULAR V-V ENERGY EXCHANGES IN SPECIES OTHER THAN CO2

REACTION M of A 8 C k(1$00AfJ) SOURCC

02(.U) 402(1) N, '2, o 1.0 37.3 -158 1.6xo0z 1.22

CO 2  0.3 4.8x109 1,22

H20 43.3 -124 1.3x1014 1.22

H2  33.7 - 6 6
.

6  
1.3x10l'2 $,22

-H 1.7 2. 2x 10" 22

CO0I) 4CO (0) CO 1.0 J1.2 -244 4.3x10 8  
'4-27

N 42. -289 3.1x'0
7  27.22

H2 37.9 -176 383 l.lxl0ol 27

H2 0 24.3 +146 -1246 9.5x10** 40

H 44.4 -164 1.1xl0a• 32

COW) CO(1) CO 1.0 41.9 -244 8.7x10
8  

24-27.22

N'.02 43.2 -289 6.3x10
7  

27,22

H, 38.6 -176 383 2.2x101 27,22

H20 25.0 +146 -1246 1.gxlOl$ 40,22

H 4S.1 -164 2.3x!0*: 32.22

1OH(I) 4-H(0) OH 1 42.0 -243 762 3.Sx10%- 55

N2 1.0 39.3 -210 1.3x10' 37

02 3.0 37

co 1.0

co 2  7.0 o

H.O 60

H2()) H2  i 1.0 40.4 -227 S29 1.2x101 537.,8,59

NZIOZIC3 0.08 4.2x10;" 2.

CO2  0.07 3.6x0*" 42

_ _ _ i 2.2 I.___;Oi 22

430.23 :.ZxI0:. 22



-- 
o + ______ -•

CO(I)+N 2 (0) -. CO(0)+N (1):

2•

( 2(001)+O(0) -CO 2100 0 )+CO(1) 9 28.7 0.0 - 153 4.Sx10Q1 14

co2o(1 1).CO(o) 4co2(011o).co(1) 9 28.7 0.0 - 153 4.SX10o1 14,22

H2 (l)+Hp0(000) " 112 (0)+H2(001) 9 35.6 - 67.0 62.1 1.4x10'-' 22

H1 2 O(i) Iz(000) - H 2 (0)+H 2 0(100) 9 39.1 -138 390 1.7x103" 22

H(1)+OH(0) H2 (0)•'OH(l) 9" 43.1 -232 839 3.2xlC-1  
2Zz

H2 0(001I÷OH'P0) "-20(004OHI) 9 36.5 - 62.5 16.9 3.4xU10 22

H2 0(100)+OH(0) " H 2 0(000+OH(l) 9 36.6 - 62.5 17.0 3.7x10•1 Ut It
Notations:

Measured Relative to H 2

* Collision Fr~quency
* Molecular wt. of collision partner (H2 0) set to I/ao 3.96 in equation-

for P 0 to accoLmt for R-V interoction. Energy exchanged by single quantum
Stepl.4

46i
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TABLE IVa.

ALTERNATE TABLE OF RESONANT 1,NTERMOLECULAR V-V

ENERGY EXCHANGE RATES AMON G CO 2 MOLECULES

REACTION Zo/S A B C k(1S00"K) SOURCE

(m2p) + (000) -.(mlp) + (010) 18 34.8 -88.0 233 3.5xl0e 22

(n3p) + (000) -. (m2p) + (010) 12 35.2 -88.0 233 5.2x401 22

(m4p) + (000' - (m3p) + (010) 9 35.5 -88.0 233 6.9x102 22
raSp) + (000) -, (mr4p) + (010) 7,2 3S.7 -88.0 233 8.83£0•a 22

(m6p) + (000) -. (m5p) + (010) 2 35.9 -88.0 233 1. 1xi0 22

(m3p) + (010) C-t 2p) + (020) 6 35.9 -88.0 213 1.I1xlO3 22

(m4p) -+ (010) - (m3p) + " 20) 4.5 36.2 -88.0 233 1.4x10* 22

(mSp) + (010) -(1a4p) + (020) 3.6 36.4 -88.0 233 .1.8x106L 22

(m6p) + (010) (m5p) + (020) 3 36.6 -88.0 233 2.2x1013 22

(m4p) + (020) -. (m3p) + (030) 3 36.6 -88.0 233 2.241013 22

(m5p) + (020) -. (rn4p) + (030) 2.4 36.8 -88.0 233 2.6x401 22

(m6p) + (020) -. (m5p) + (030) 2 37.0 -88.0 233 3.2410' 22

TABLE IVb.
RESONANT INTERMOLECULAR V-V ENERGY EXCHANGE RATES BETWEEN

SYMMETRIC STRETCHING MODES OF CO 2 MOLECULES

REACTION Zo/S A 8 C k(15000 K) SOURCE

(lnp) + (000) - (Onp) + (100) 9 34.2 -88.0 233 1.9xlO1  22

(lnp) + (010) - (Onp) + (110) 9 34.2 -88.0 233 1.9x1013 22

(1rip) + (020) - (Onp) + (120) 9 34.2 -88.0 233 1.9x1012 22

(lnp) + (100) -. (Onp) + (200) 4.5 34.5 -88.0 233 3.8=10P2 22'

(Inp) + (030) . 0Onp) + (130) 9 34.2 -88.0 233 1.9x101 j 22

(lnp) + (110) -. (Onp) + (210) 4.5 34.9 -88.0 233 3.8x10' 22

(rnnl) + (000) -. (mnO) + (001) 9 32.5 -88.0 233 3.5x101  22

(rn 1) + (310) - (mnO) + (011) 9 32.5 -88.0 233 3.5x101  22

(mnl) + (020) - (MnO) + (021) 9 32.5 -88.0 233 3.541011 22

(mnl) + (100) - (mnO) + (i01) 9 32.5 -88.0 233 3.Sx10u 22

(mnl) + (030) -,(mnO) + (031) 9 32.5 -88.0 233 3.5x101  22

I
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TABLE V

EINSTEIN COEFFICIENTS FOR SPONTANEOUS

EMISSION

Wavelength
REACTION A(sec-1) LIFETIME(mis) (microns) w (cm-n) Source

C0(01, 0) -0 02(000 0) 2.98 335 14.98 667.4 44

C02(000 1)4 Cc2(00,1O) 424.6 2.4 4.2v 2349.2 45

CO2(02"1) . CO2(00•0) 11.4 88 2.75 3634.6 49

C02(1001) G 2(O00O) 17.9 56 2.68 3737.4 49

C02(031 0)- C02(0000) .0022 460829 5.17 1932.5 47

CO2(11' 0) c 2(0000) .0166 60147 . 4.81 2076.9 47

CO(2) - CO(0) 0.9 1098 2.35 4260 46,48

CO() 4 CO(0) 33.4 29.9 4.67 2143 46,48

CO(2) 4 CO(I) 62.0 16.1 4.73 2116 46,48

H2 0(010) H H20(000) 22.1 45.2 6.27 1595.0 46,50

H2 0(001) -, H2 0(000) 74.7 13.4 2.66 3755.8 51

H2 0000) 4 H2 0(000) 4.0 250 2.74 3651.2 52

011(I) . 011(0) 3 .3 300 2.71 3682 20
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9. FIGURES

1. Review of experimentally derived rate constants

for the deactivation of C02 (011 0) by various

collision partners.

2. Review of experimentally derived rate constants

for the deactivation of C02 (0001) by various

collision partners.

3. Review of deactivation rates derived from theory2

and experiment for the process CO 2 (0001) + CO 2 4

COa (mnnp) + C02.

4. Review of experimentally derived rate constants for
the V-V energy transfers between C02 (0001) and

N 2 (0) or CO (0).

5. Review of experimental data for the self deactiva-

tion of H2 0 (010).

6. Review of experimental results for the deactivation

of N2 (1) by various collision partners.

7. Review of experimental results for the deactivation

of 02 (1) by 0 2 , H2 , and H20.

8. Review of experimental results for the deactivation
of CO (1) by various collision partners.

9. Review of experimental results for the V-V transfers

of energy between some diatomic molecules.

10. Review of experimental results for the deactivation

of Ha (1) by H2.
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Temperature (0 K)
2000 1000 500 300

1013 [ 1 1 1 H2 0

•H 2

.. 1012 -

0
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C),S1010

N2

.06 .08 .10 .12 .14 .16

I/T 1/3

Figure 1 Review of experimentally aerived rate constants

for the deactivation of CO 2 (011 0) by various collision partners

C0 2 (011 0) * M C0 2 (000 0) + M
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Temperaturee K)

2000 1000 500 300

101V

0

10, L

C02

00

109 .N 2

.06 .08 .10. .12 .14 .16
I/T 1/3

Figure 2 Review of experimentally derived rate constants for

the deactivation of CO(O0"1) by various collision partners.

CO(000 1) + M -4 C0 2 (mn~p) + M



Al

14.0o

13.0
(0200,100 0)

120 -(03'0,11'0)

(Oi'O)

11.0

40

10.0-

9.0 -

8.0 II
500 1000 1500 2000 25G0

Temperature ('K)

Figure 3 Review of deactivation ratas derived from theory 2 2 -nd experiment for

the process

C0 2(00 0 1) + CO2 - CO 2 (mn Ip) + CO.
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Temperature ( E.)
2000 1000 5100 300

0 -

A

Co

8.10 .12 .14 .16

l/TI/

e".wOf experimentally derived rate constants for the

:La ronsfers between C02a(00 0 1) and N;?(0) or CO (0)

N- N2(0) =CO-oo 0 o0) + Ný2 (1) + 18cm 1

- J +0(0) =C0 2(o00o) + CQO) 06m
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TEMPERATURE (OK)

2000 1000 500 300
I . . . I I'

REF SYM

33 0

34

1014 \ 350

S36
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• no

I r

.06 .08 .10 1/3 .12 .14 .16

l/T

Figure 5 Review of experimental data for the self deactivation of H 30(010).

H20(010) + H 20 -4 H20(000) + H20

Shin V-T exchange (37) - ; Shin V-R exchange (70) .....
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Temperature (0 K)
2000 1•00 Soo 4 0

1010

S101o1 -

U 
H20

0 1010
lo:

!0
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N2

.04 .06 .C8 .i0 .12 .14

1/Ir1/3

Figure 6 Review of experimental results for the deactivation of NO(1)

by various collision parnners

N 2I) + M .4 N2(0) + M
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Temperature (0 K)

2000 1000 500 300
I I I

10

L!0HP
1010 H

ioH2

S108
44

106 L
I\02

.04 .08 .12 .16

I/TI/3 j

Figure 7 Peview of experimental results for the deactivation

of 0;(1) by 0:, H 2 , and H2 0.

02(1) + M 4 02(0) + M
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Temperature (0 K)

2000 lOnO 500 300

1014[ -"' 1 -1't '

H2 0

0 11

H2

.04 .08 .12 .16

l/T

Figure 8 Review of experimental results for the deactivation of

CO(1 by various collision partners CO(l) + M 4COW0 + M.
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Temperature (0 K)

2000 1000 500 300

• :z 1014 .

II0 I I

DH H20

0 101o

H?

Joe " N 2  co

.04 .08 .12 .16

Figure S Review of e;,xperimental results for the deactivation of
CO(i" by various collision partners CO(If + M 4 CO(O) + M.
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Temperature (0 K)

200C 1000 S00 300

I.. . I I I

101?

0CO(1) + N ((0)

.04 .08 .12.I

Figure 9 Review of experimental results for the V-V transfers

of energy between some diatomic molecules.

0O(1) + N2 (0) - 00(0) + N•(l) - 1872 m-I

C0(1) + 0(0) -4 C0(0) + O•(l) + 587cm-I

N.(0) + O4(0) -. Na(0) + 02() + 775c-1(
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Temperature o K)

2000 1000 500 300
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-Zi 1010
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Figure 10 Review of experimental results for the deactivation

of HI2lu() by H 2

H (1) + Hu 2. H 2(0) + H 2
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